ABSTRACT
INTRODUCTION
PCR is a fundamental tool in molecular biology and has played a pivotal role in the reemergence of mammalian somatic cell genetics. It is used widely to construct and manipulate DNA and cDNA libraries. In the context of genetic selections using expression libraries that encode transdominant agents (www.sciencemag.org/cgi/content/full/ 285/5426/299a) (1, 4, 6, 7, 11, 14) , PCR is potentially of great benefit. In principle, a single sequence is sufficient for recovery by amplification.
In many experiments with DNA libraries, the goal is to begin with libraries of maximum diversity (e.g., 10 7 clones), and to isolate the few individual clones that encode transdominant agents active in a particular phenotypic assay. A variety of methodologies have been employed to accomplish the different steps of transdominant genetics in mammalian cells. These steps consist of ( i ) library construction, ( ii ) gene transfer, ( iii ) selection, and ( iv ) recovery. If the initial selection fails to provide sufficient enrichment, then a series of selection cycles may be used, yielding, in principle, a multiplicative enrichment for the overall process.
For recovery and cycling, there are several possible techniques that may be used; for example, PCR followed by cloning or retroviral packaging (17) , rescue of transduced mRNA by viral superinfection (5, 15) , or lox/CRE recombination and direct E. coli transformation using the MaRX shuttle vector system (8) . All of these methods could potentially suffer from drawbacks related to the loss of diversity in the library and, a related issue, artifactual skewing of the representation of individual sequences in the library. In PCR, these problems may be considered more serious because of the amplification process. For instance, a loss of population diversity might occur in the first rounds of amplification because of random dropouts of individual template species, which we refer to as template selection.
In this study, we investigate PCR in the context of diversity loss through template selection. The issues explored are also important in the general context of library construction using PCR. The evidence suggests that PCR is a comparatively effective method for library amplification and recovery from cells.
MATERIALS AND METHODS

PCR Templates and Amplification
Liver cDNAs were cloned into the pBABE [supplied by Dr. Nikunj Somia (University of Minnesota) and Dr. Inder Verma (Salk Institute)] retroviral vector. Six randomly selected cDNA clones (C1-C6; insert sizes 0.5-2.0 kb) were isolated and sequenced. A sub-library of approximately 1000 randomly selected clones was made. We ascertained that it did not contain any of the C1-C6 clones by PCR, using cDNA sequence-specific primer pairs. Plasmid DNAs C1-C6 were mixed with the sub-library of cDNA plasmids at molar ratios varying from 1:1000 to 1: 10 0 000. Two picograms (approximately 20 0 000 copies) of these mixtures of cDNA plasmids were reconstituted with 1 µ g (approximately 15 0 000 genomes) mouse genomic DNA. All DNA quantitation was obtained by spectrophotometric measurement of absorbance at 260 nm and verified by ethidium-stained gels. Quantitation DNA mass ladder and 100-bp DNA ladder were procured from Life Technologies (Rockville, MD, USA).
In general, amplification reactions contained 20 mM Tris-Cl, pH 9.0, 10 mM NaCl, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 0.1% Triton ® X-100, 0.2 mM dNTPs, 1 µ M primers, 1 µ g template DNA, and 0.05 U/ µ L DNA polymerase. Reactions were performed using either Platinum ® Taq DNA polymerase (Life Technologies), or AmpliTaq ® polymerase (Applied Biosystems, Foster City, CA, USA). When Platinum Taq DNA polymerase was used, thermocycling was preceded by an initial step of 95°C for 3 min to activate the enzyme. When fluorescent PCR products were desired for GeneScan ® analyses, reactions containing 0.2 mM unlabeled dNTPs were spiked with 1 µ M fluorescent R110 dUTP nucleotides (Applied Biosystems).
For the results shown in Table 2A , the mixtures of cDNA templates were reconstituted in vitro at a 1:1 molar ratio with genomic DNA. The reconstituted templates were then subjected to two rounds of hot-start PCR: an initial round of 20 cycles (PCR A), using a primer pair designed to amplify all of the cDNA inserts present among the plasmids, followed by the dilution of the amplified material and a second round of 40 cycles (PCR B), using a primer pair specific to the cDNAs of interest and diluted product from PCR A as template.
For the results presented in Table 2B , the six cDNA clones (C1-C6) were added at 20 molecules (about 0.2 fg for a 10-kb plasmid), 6 molecules (about 0.06 fg) or 2 molecules (about 0.02 fg), each to a background mixture of 20 0 000 molecules (about 2 pg) of the sub-library with 1 µ g mouse genomic DNA and subjected to 20 cycles of amplification (PCR A). The PCR A products were then diluted from 200-to 500-fold into PCR B that contained two pairs of primers, one pair specific for the C1 cDNA clone and another pair specific for C2, C3, C4, C5, or C6. These duplex PCR B were spiked with fluorescent dUTP nucleotides, cycled 30 times, and analyzed using GeneScan.
All PCR As were subjected to cycle titration analyses to ensure that product formation had not plateaued (i.e., amplification was still occurring at the cycle examined).
RESULTS
The issue of population diversity in DNA libraries is extremely important, particularly in situations when limiting numbers of molecules are available as input (e.g., during recovery of DNA libraries in "negative" selections for sequences that kill or arrest cells, or selections with primary cells of finite life span). In such cases, oversampling is either difficult or impossible. Given that PCR experiments have a threshold for amplification (i.e., a minimum number of templates required to achieve reliable amplification), what are the consequences of such a threshold for the diversity of populations amplified from complex mixtures? The first cycle is the most important one in determining what fraction of the input templates ultimately gives rise to progeny in the amplified product. Any tem- plate that fails to replicate in the first few rounds will not be represented among the final products of the PCR. The standard theoretical treatments of PCR do not consider this issue. In principle, there are two extreme models for computing the number of templates effectively amplified during a PCR (i.e., the diversity): the threshold model (Model I) and the input-fraction model (Model II) (Figure 1) . Model I presupposes a threshold of template copies that one must cross to achieve reliable amplification; all templates above this threshold are substrates for amplification. This scenario may apply, for example, if some element in the reaction (such as the tube plastic) binds to a fixed amount of template, preventing its amplification. Model II posits that a constant fraction of input copies functions as templates for amplification. This model is analogous to a first-order (or pseudo-first-order) chemical reaction mechanism in which each template has a constant probability of replicating. Hybrid models in which both scenarios apply to different degrees during the amplification process are also possibilities. A useful model must account for the likelihood that a specific input template in a diverse population of templates gives rise to progeny copies in the final amplified mixture. The extreme scenarios (Models I and II) can be described in simple mathematical terms:
Ia. C N = C I + (C 0 -C I ) α N and IIa. C N = C 0 -(C 0 /C I ) + (C 0 /C I ) α N , where N = cycle no., C N = no. of templates after N cycles C 0 = no. of input templates (prior to amplification), C I = no. of ineffective templates (approximately the minimum number of templates necessary to obtain product), α= mean amplification efficiency [(1 < α< 2; the equivalent of e f (19) 
At the minimum number of templates necessary to achieve amplification,
Thus, for both cases C 0 approximately equals C I . This allows estimation of C I from the experiment. For C 0 much greater than C I , the equations for the two cases reduce to: Therefore, it is a simple matter to measure C I (typically measured between 10 and 1 0 000, depending on primers, template quality, and enzyme used) and α(typically estimated to fall between 1.5 and 2.0, depending on the conditions and the cycle number used in the computation) and to compare the two cases to determine which one better represents the relationship between the cycle number and amplified material, given the known amounts of input template (Teng, unpublished results) (13) . Note that the sensitivity of PCR amplification, a measure of which is C I (the minimum number of templates required to obtain a product), is not especially relevant in Model I (within reasonable limits), but is critical in Model II.
We designed an experiment to test the predictions of these disparate models. Two specific plasmid templates (C1 R e searchR e po r t is the same for both models. The "minimum templates" refer to the smallest number of copies required to achieve amplification (approximately C I ).
and C2) were mixed at 1:1 ratios with genome-equivalent masses of genomic DNA to mimic the effect of single-copy sequences amplified from genomic DNA (e.g., transduced retroviral inserts). The templates were amplified separately at various dilutions using AmpliTaq DNA polymerase, and the reactions were analyzed after certain cycle numbers. The cycle number at which 100 ng amplified material appeared was estimated (C N = 2 ×10 11 )
for a defined amount of input template (e.g., C 0 = 10 6 ). The sensitivity of these amplifications (C I ) was measured as approximately 10 4 input copies. The cycle number (N) was calculated according to the two scenarios for values of α(am-R e searchR e po r t (A) PCR recovery of specific sequences from a complex DNA mixture. Six randomly selected cDNA plasmids (C1-C6; insert sizes 0.5-2.0 kb) were added to a sub-library of cDNA plasmids at molar ratios varying from 1:1000 to 1:10 0 000, in a background of mouse genomic DNA (see Materials and Methods). This template reconstituted in vitro was subjected to two rounds of PCR amplification. In the first round (PCR A), 1 µ g template was amplified in a 50-µ L reaction with primers that flanked the cloned cDNA inserts and Platinum TaqDNA polymerase (Life Technologies). The reaction was cycled 20 times at 96°C for 30 s, 60°C for 30 s, and 72°C for 90 s. The products of PCR A were then serially diluted from 2.5 ×10 -3 -to 2.5 ×10 -7 -fold into a secondary reaction (PCR B) containing primer pairs specific for one of the cDNAs (C 1 , C 2 , or C 3 ), and then the reactions were cycled 40 times at 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Twenty microliters each PCR B sample was fractionated by agarose gel electrophoresis and visualized by ethidium bromide staining. Altogether, two independent dilution series of templates for PCR A were made, and three independent data points were obtained for each template series. The PCR B data for one of the cDNAs, C2, is shown as a representative result. (B) Determining C I for hot-start PCR. Specific cDNA plasmids (C1-C6) were serially diluted from 2000 copies down to two copies, into 1 µ g mouse genomic DNA (approximately 15 0 000 genomes). One of each template mixture was used in a 50-µ L reaction containing a primer pair flanking the cloned cDNA inserts and Platinum TaqDNA polymerase. The enzyme was activated with an initial step of 95°C for 3 min. The reactions were then thermocycled 40 times at 96°C for 30 s, 60°C for 30 s, and 72°C for 90 s. Twenty microliters PCR products were fractionated by agarose gel electrophoresis and visualized by ethidium bromide staining. The C 1 and C 2 clones shown had cDNA fragments of approximately 900 and 850 bp, respectively. plification efficiency), ranging from 1.5 to 2.0, and compared with the measured value from the experiment ( Table 1 ). In two independent experiments using the two templates, 100 ng of product was visible between cycles 25 and 30, in much closer agreement with Model I. An independent line of experiments also supported Model I. The first part of the experiment involved PCR with reconstituted templates (PCR A) consisting of specific cDNAs mixed with a sub-library of 1000 other cDNAs at defined ratios ranging from 1:1000 to 10 0 000. The second part of the experiment consisted of the dilution of the PCR A product into another PCR (PCR B), by which the effective presence or absence of specific sequences was examined. The failure to detect doped sequences by PCR B was interpreted as the absence of specific amplified material among the products of PCR A. As an example of representative data for one cDNA mixture, approximately 20 molecules of C2 were mixed with a total of 20 0 000 sub-library templates (i.e., 1:10 000). If the PCR was perfectly efficient ( α= 2), one would generate roughly 2 × 10 7 molecules of the C2 insert after 20 cycles of PCR A. Following dilution by a factor of 2.5 ×10 -6 , a positive result (i.e., detectable amplification) was obtained in all six independent PCR B for each of the three cDNAs examined (Figure 2A ). The sensitivity (C I ) was measured as approximately 60 copies for PCR A (Figure 2B ) and somewhat higher (approximately 10 copies) for PCR B (Table 2) . This difference could have been caused by the primers, by the amplified template used for PCR B, or by both. For the set of reactions, the incidence of failure and success was tabulated (Table 2A) .
A similar series of experiments was performed with a higher-resolution method that permits the analysis of the amplification of two templates simultaneously. The detection of PCR B products using fluorescent labels, polyacrylamide gels, and GeneScan software revealed an all-or-nothing behavior that confirmed the agarose gel results (Table 2B ). The detection of at least one of the two duplex reaction products demonstrated that dropouts of individual rare sequences were not caused by poor PCR that failed to amplify all of R e searchR e po r t Shaded areas, product detected; -, no product detected; C o input copies in PCR A. Experiment indicates the number of independent times PCR A was done. STS, sequence-tagged site. the templates. The combined results of these analyses are summarized in Table  2C . Compared to the success rates for amplification predicted by Model I (calculated), the observed results were identical for 20 copies (100%), approximately 80% for six copies, and approximately 60% for two copies. Using Model II as a predictor, the agreement was much worse: 4-fold higher for 20 copies, 8-fold higher for six copies, and 18-fold higher for two copies.
DISCUSSION
PCR is used in numerous situations and has acquired a reputation for robustness. In many applications of PCR, such as library construction, library amplification and recloning, and hybrid selection, the amplification of complex mixtures of DNA sequences is required. In these cases, PCR has been employed with qualitatively favorable outcomes (9, 12) . One of the more interesting types of application in this regard involves transdominant genetics in mammalian cells. In this context, it is critical to recover DNA expression libraries from cultured cells, often at minimal redundancy.
There are two major concerns about PCR in the context of library amplification and recloning: loss of diversity caused by template selection and sequence skewing. In this study, we examined the behavior of PCR with respect to the loss of diversity caused by template selection in reconstituted systems. We subjected PCR to a variety of tests and showed that it is a comparatively effective method for maintaining diversity in complex DNA mixtures. Table 1 revealed that, overall, replication of specific sequences in a complex DNA mixture by PCR approximates the threshold model (Model I). However, the amplification failure rates did not match perfectly with this model's predictions. The estimated copy numbers determined from observed failure rates were about 3-fold lower than the input quantities (Table 2C) . This finding may suggest that this model is an oversimplification of the process of template selection during PCR, although it is a much better approximation than the input-fraction model, Model II (Table 2C) .
Data in
The issue of sequence skewing during PCR has been addressed in several studies (10, 15, 16, 19 3) . However, alternative plasmid rescue methods may also suffer because of the decrease in transformation frequency as plasmids increase in size. It is also worth noting that transdominant experiments using random peptide libraries with inserts of homogeneous size may suffer minimal skewing because of the typical short length (< 100 bp), the high diversities (and the subsequent low concentrations of individual sequences), and the identical sizes of the inserts. In summary, PCR is an effective tool for amplification of complex sequence mixtures, particularly when sequences are neither too long nor too heterogeneous in length. PCR follows a threshold model rather than an input-fraction model. The template selection during PCR amplification preserves a large fraction of sequences from mixtures of non-redundant input DNAs. If minimal levels of redundancy can be achieved (e.g., 3-fold), it should be possible to maintain high levels of input sequence diversity using PCR.
